Antibody (AMI) and cell-mediated (CMI) immunity to rubella virus (RV) were evaluated in healthy adolescent males (n = 11) and females (n = 28) undergoing routine reimmunisation with RA27/3 strain RV as a component of measles-mumps-rubella (MMR) vaccine. Blood samples were collected just before and at 2, 4 and 10 weeks after MMR. While there were no sex differences before MMR and at week 10 after vaccination, levels of specific IgG determined by whole RV enzyme immunoassay were found to be significantly higher in males at weeks 2 and 4, suggesting brisker onset of recall AMI. Analysis of RV protein-specific IgG by immunoblot assays also revealed that while there were no notable sex differences in the distribution of El-specific antibodies, more males produced E2-specific antibodies whereas more females produced C-specific antibodies after immunisation. Analysis of CMI with whole inactivated RV and a panel of RV synthetic peptides in lymphocyte proliferation assays revealed a brisker onset of CMI in males which paralleled that observed for AMI. The numbers of RV antigens recognised by males were significantly higher at weeks 2 and 4. Also, mean and median stimulation indices measured at weeks 2 and 4 for certain peptides, including two known to contain overlapping antibody neutralisation domains and T-cell epitopes, El(213-239) and El(254-285), were also found to be significantly higher in male subjects. These observations suggest that there are hormonal influences on RV-specific immunity which might result in differential handling of RV and, hence, may partially explain why females are more predisposed to adverse outcomes of rubella infection and immunisation.
Introduction
An earlier study demonstrated sex differences in the kinetics and specificity of the human antibody response to rubella virus (RV) structural proteins El, E2 and C [l] . That study examined the IgM, IgA and IgG antibody responses of 32 males and 67 females during acute and convalescent phases following wild-type RV infection. Earlier onset and higher levels of IgG, IgA and IgM antibodies directed to the E l envelope protein known to contain most of the virus neutralisation domains, as well as to a particular E l peptide, , containing a linear neutralisation domain [2-41, were observed in males. However, convalescent sera from females had higher levels of IgG antibodies directed to whole RV; That study also revealed a higher proportion of E2-specific IgG and IgA antibodies in female sera. These differences were of interest considering the higher incidence of adverse sequelae of rubella, such as joint manifestations, in women [5] .
The present study investigated RV-specific antibody levels and cell-mediated immunity (CMI) before and at 2, 4 and 10 weeks after vaccination in adolescents undergoing re-immunisation with live attenuated RA27/3 strain RV as a component of trivalent measles-mumps-rubella (MMR) vaccine. Antibody levels were measured by whole RV EIA and RV protein-specific immunoblot. Inactivated whole RV and a panel of synthetic peptides representing selected regions of El, E2 and C were used in lymphocyte proliferation assays to determine the specificity and magnitude of the anamnestic response of long-lived RV-specific T cells persisting after earlier MMR immunisation.
Materials and methods

Rubella virus antigens
A panel of RV synthetic peptides representing selected regions of RV El, E2 and C proteins ( Table 1) was prepared by automated solid-phase synthesis by the FMOC procedure (Synergy, Applied Biosystems, Mississauga, ON, Canada). Quality checks of peptide products were performed by HPLC. Whole RV (M33 strain), isolated from RV-infected Vero cell culture supernates by ultracentrifugation, was heat-inactivated at 56°C for 30min and used as a positive control antigen.
Study subjects, immunisation and blood sampling
Study subjects were adolescent males (n = 11, aged 15.9 SD0.9 years) and females (n = 28, aged 15.3 SD 0.5 years), residing in the Vancouver area who were undergoing routine re-immunisation with MMR vaccine to boost immunity to measles. Informed consent from parents and study subjects was obtained as required by the University of British Columbia Research Ethics Committee. Written documentation of previous MMR vaccination was also obtained. A pre-vaccine blood sample was drawn by sterile venepuncture and the subject was immediately vaccinated with MMR (Meruvax 11, Connaught Laboratories, Willowdale, Ontario, Canada). Follow-up blood samples were obtained at 2, 4 and 10 weeks after MMR vaccination. Reactions to the vaccine were also assessed at these intervals. Sera were separated and stored at -20°C until testing.
Determination of RV-spec@ antibodies
Levels of whole RV-specific IgG antibodies were determined by the Rubella Enzygnost EIA (Behringwerk, Marburg, Germany) according to the manufacturer's directions. A negative cut-off of 0.200 absorbance unit (equivalent to 10 IU/ml) was used. RV protein-specific IgG was determined by immunoblot assays performed under non-reducing conditions as described previously [6]. A positive result was determined by the appearance of one or more bands at the known positions of the El, E2 and C proteins on the blot with reference to a pooled serum control containing antibodies of all three specificities. 
Lymphocyte proliferation assays
Lymphocyte proliferation assays were performed as described previously [7] . At each study interval, peripheral blood mononuclear cells (PBMNC) were isolated from heparinised blood by density gradient centrifugation through Ficoll-Hypaque (Pharmacia, Dorval, Quebec, Canada), washed three times by centrifugation, then added at an initial density of 100 000 cells/well in complete OptiMEM (Gibco/ BRL, Mississauga, ON, Canada) containing penicillin 10 units/ml, streptomycin 10 mg/L and 2 X M 2-mercaptoethanol to 96-well microculture plates. Each well was supplemented with autologous plasma 10%. Peptides were tested in triplicate at a final concentration of 10 pM/well -previously determined to be within optimal range for lymphocyte stimulation. Positive control wells received heat-inactivated whole RV at a concentration equivalent to lo3 pfu/well. Wells containing phytohaemagglutinin (PHA) at a final concentration of 2 mg/L were also used as a positive control. Negative control wells received medium only. Microculture plates were incubated for 7 days at 37°C in CO2 5% in air. To measure lymphocyte proliferation, cells were pulsed with 3H-thymidine 2 pCi/well during the last 6-8 h of the culture period. DNA was harvested from each well and incorporated radioactivity was determined. Stimulation indices (SIs) were calculated from the mean cpm determined in stimulated wells divided by the mean cpm determined in negative control wells. SIs 3 2.0 indicated a positive cell response to a given antigen.
Data analysis
Differences in mean and medium antibody titres, SIs for RV or individual peptide antigens, were determined by the Student's t test or Mann-Whitney U test. Confidence intervals (95% CI) for the differences in proportion were calculated and differences were considered significant at the p<O.O5 level if zero was excluded.
Results
Study subjects
A total of 39 subjects (1 1 males and 28 females) was recruited for the study. Of these, 22 (56.4%) were white, 11 (28.2%) were Chinese and 6 (15.4%) were Filipino or Eurasian. There were no significant differences in ethnic distribution or age between males and females in the study. All study subjects provided documentation of previous MMR vaccination given between the ages of 12 and 15 months. One study subject of USA origin had received a second dose of MMR vaccine 6 years previously according to the requirements of the state in which he had been a resident. The remaining study subjects received their second dose of MMR as participants in this study. All but one subject completed follow-up to 10 weeks after vaccination. No subjects reported adverse sequelae (paresthesiae, myalgia, joint manifestations, etc.) as a result of MMR revaccination. In the 4 years prior to, and during the course of the study, there was no increase in the incidence of natural rubella disease in the community.
Sex differences in rubella-speciJic antibody levels before and after MMR re-immunisation
Whole RV-specific IgG levels were determined by EIA in sera collected just before and at 2, 4 and 10 weeks after MMR vaccination (Table 2) . Although there were no sex differences in pre-vaccine and week 10 antibody levels, total RV-specific antibody levels were significantly higher in males than in females at weeks 2 and 4. IgG antibodies directed to RV structural proteins including envelope glycoproteins (El and E2) and the internal capsid (C) protein were also determined at these study intervals by non-reducing immunoblot assays. Before vaccination, all but one subject (female) had antibodies directed to E l ; after MMR, all subjects had El-specific antibodies (data not shown). The proportion of males (54.6%) with E2-specific antibodies at week 2 was higher p<O.Ol) than the proportion of females (Table 2) . However, significant differences were not observed for the other study intervals or for the proportions of male and female subjects with C-specific antibodies, although the proportions of females expressing C-specific antibodies were found to be higher at all post-vaccine study intervals (Table 2 ). In an earlier study of rubella reimmunisation [8] , an increase in the number of RV protein specificities (in particular, the appearance of Cspecific IgG) expressed in study subjects who lacked antibody directed to a linear neutralisation domain represented by the cyclised peptide, BCH-178c -El (2 13-239), but who were otherwise RV seropositive (as determined by whole virus EIA) was observed. It was hypothesised that the lack of antibody directed to this neutralisation domain may have allowed the vaccine strain virus to replicate and therefore to stimulate antibody species directed to the C protein.
Study subjects who had El peptide-specific antibody levels >10 IU/ml before immunisation did not show this type of response. Although it was not possible to measure antibodies directed to this peptide in the present study, due to inavailability of BCH-l78c, it was observed that 21 (75%) of 28 female subjects in comparison with 4 (36.4%) of 11 male subjects (p < 0.01; 95% CI = 0.057, 0.715) demonstrated an increase in complexity of the immunoblot pattern (i.e., the appearance of C-specific antibodies and in all except five subjects, antibodies directed to E2 as well).
Sex differences in CMI to rubella antigens before and after MMR vaccination
CMI to RV (heat-inactivated M33 strain) and to RV peptides (Table 1) was assessed by lymphocyte proliferation assays in samples collected just before and at 2, 4 and 10 weeks after MMR. Peptides shown in Table  1 were recognised to varying degrees by all study subjects [9] . At weeks 2 and 4 both the mean and median numbers of peptides recognised by male subjects were significantly higher than in female subjects (Table 3 ). In examining arithmetic mean SIs for individual peptides ( with El(389-408), median SIs for the male group (4.3) were significantly higher (p = 0.0026) than for female subjects (0.8). Similarly, at week 4 median SIs for whole RV (p = 0.0057) and the capsid peptide C(237-248) (p = 0.0107) were higher in the male group. At week 10, median SIs for females (4.2) were significantly higher (p = 0.0087) than for males (1.2) for peptide E2( 134-150).
Discussion
In an earlier study of immunity to rubella virus following natural infection [l], more rapid onset of, as well as a greater proportion of, IgG antibodies directed to El, in comparison with E2-and C-specific antibodies was observed in males relative to females. In particular, in the very early acute response (0-6 days after onset of rash) males made higher levels of IgM and IgG directed to a known neutralisation domain represented by a cyclised version (BCH-178c) of the peptide E l(2 13-239) than did females, although by late convalescence (0.5-3 years after onset) mean levels of E l peptide-specific IgG were higher in females. These observations suggested a potential for more expedient handling of RV in terms of antibodymediated immunity in males. Also, total levels of RVspecific IgG and IgA observed in convalescent serum of females were higher, suggesting that higher levels of RV viraemia or antigenaemia, or both, may have occurred, or possibly longer persistence of viral antigen, leading to enhanced immunostimulation.
The present study examined sex differences in both the antibody and cell response to re-immunisation with live attenuated RA27/3 strain vaccine given as a component of the trivalent MMR vaccine. Subjects were adolescents who had been immunised 12-15 years earlier with MMR. Although there were no sex differences in total whole RV-specific IgG levels before and at week 10 after MMR, levels at weeks 2 and 4 were significantly higher in males than in females. In this study, no difference was observed in the proportion of males and females with El-specific IgG at any study interval. However, as the relative proportion of the antibody response directed to the individual RV structural proteins and to the El neutralisation domain peptide (BCH-178c) were not evaluated as in the previous study, it is not known if the recall El-specific antibody response may have been greater in males. In contrast to the study of the antibody response to wildtype virus, higher levels of E2-specific IgG were observed in male sera at week 2, suggesting a brisker recall response to this vaccine antigen. The higher proportion of males with E2-specific IgG at week 2 is of interest, because of the reported existence of a neutralisation domain on this envelope protein [ lo] . Also, no gender difference in the C-specific response to the live attenuated vaccine strain RV was observed here in comparison with the infection study in which higher levels were observed in females at 1-4 weeks after onset of rash. While the sex differential in the proteinspecific IgG response to vaccine strain RV differs somewhat from that observed earlier for wild-type infections [l] , the results of the present study suggest more rapid onset of the recall response to RV in males than in females. Thus, the same trend prevails.
Also, notable sex differences in the kinetics of the CMI response to re-immunisation with vaccine strain RV were observed in that the mean (and median) numbers of peptides in the test panel that were recognised by specimens from male subjects were significantly higher at weeks 2 and 4 than in female subjects, paralleling the kinetic differences observed for the total RVspecific IgG response. Hence, CMI as determined by lymphocyte proliferation response to RV and RV peptide antigens, including E l(2 13 -239) and E 1 (254-285) known to contain antibody neutralisation domains [2-4, 111 as well as immunodominant T-cell epitopes [ 12, 131, also appeared to be brisker in males. Furthermore, significantly higher SIs were observed in male samples at weeks 2 and 4, for stimulations with peptides El(389-408) and E2(45-64) which are adjacent to the proposed antibody neutralisation domain on E2 [lo] . However, by week 10 SIs for E l (30 1-3 14) and E2( 134-150) were higher in female specimens. The significance of this recognition is not known as, so far, no biological functions have been ascribed to these regions of El and E2.
Thus, the results of this study reveal kinetic differences between males and females in the recall response of both B and T lymphocytes to rubella antigens, which suggest hormonal influences on the immune response to RV; Whether this translates into more expedient functional immunity (i.e., generation of neutralising antibodies or cytotoxic T cells) requires further study. However, if so, these kinetic differences may partly explain why adverse outcomes of RV infection and vaccination (such as joint manifestations) are rarely seen in males or prepubertal children of either sex [5] . Insofar as persistent RV infection has been suggested as a possible mechanism [14, 151, a slower onset of RV-specific cell-mediated and antibody-mediated immunity in females may allow for increased viraemia with escape of the virus to atypical tissue sites such as the synovial space. No adverse reactions to RV immunisation were observed in the present study. This was not surprising given the small number of subjects studied and their ages, as the incidence of rubella vaccine-related acute joint manifestations in adult females is in the order of 10% [ 161 and is related to increasing age [17] . However, occurrence of acute and chronic arthritis following secondary rubella immunisation in children has been observed [18, and A. J. Tingle, unpublished observations] . While the present study results suggest hormonal influences on the RV-specific imrnune response, the potential influences of other parameters such as immunogenetic background on recognition of RV antigens cannot be excluded.
